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Enhancing the collection efficiency of single emitters via dielectric antennas is a common approach
in research dealing with solid-state quantum light sources. Current design concepts often suffer from
a large footprint, quenching or a complex fabrication process. Here we report on another design
where the Kerker effect is used to collimate emission from a nitrogen vacancy (NV) center. The
structure discussed here is an easy to fabricate cylindrical protrusion made from diamond on top of
a diamond substrate with NVs incorporated into its center. We optimize the structure with respect
to application in quantum information processing and quantum sensing and find an up to 15 times
higher photon extraction.
INTRODUCTION
In recent years promising concepts for quantum sensing
(QS) and quantum information processing (QIP) have
been proposed and demonstrated, which desire single
photons of differing ”quality” [1–4]. While high single
photon fluxes are desired without the need for indistin-
guishability for QS, QIP relies on the exchange of quan-
tum states between isolated quantum bits (qubits) and
on the quantum interference of those states [5, 6].
Intensively studied single photon emitters are, e.g.,
molecules [7], quantum dots [8], or defects in hBN crys-
tals [9] or diamond, like the silicon vacancy (SiV) [10, 11]
and nitrogen vacancy (NV) center [12]; all of them fea-
ture some pros and cons when compared to each other.
NVs however seem to offer a high potential for the imple-
mentation in both, QS and QIP. NVs feature long spin
coherence times and their energy splitting of 2.87 GHz
is compatible to well established and commercially avail-
able technologies, thus allowing for easy implementation
of optically detected magnetic resonance (ODMR) exper-
iments [13].
Apart from the sole properties of the single photon
emitter it is of equal importance to consider ways of in-
tegration into practical devices. In this regard it is impor-
tant to mention, that NV defect centers can be positioned
by various methods with high lateral and vertical preci-
sion of around 30 nm into diamond nowadays [14, 15].
With respect to QS and QIP routes for efficient photon
extraction are needed, e.g., exploiting micro- and nano-
antenna structures, as the collection efficiency from bulk
diamond is often limited by total internal reflection and
trapping inside the host material of the emitter.
A huge variety of micro- and nano-antennas have been
discussed in literature [16–19]. Those structures are cru-
cial for the success of certain experiments, e.g. for entan-
glement measurements with NVs, solid immersion lenses
(SILs) were used [20]. For a practical implementation
the antenna footprint, its efficiency as well as its sim-
plicity are crucial criteria, in particular for an on chip
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FIG. 1. Antenna schematics and far field emission pattern. In
a) the antenna is shown schematically with three geometrical
values. An oscillation dipole is denoted by a red double arrow
within the structure. Emission from this dipole is collimated
by the antenna and collected via an objective lens. b) shows
a polar plot of the collimated far field emission caused by
optimized antennas for QIP and QS.
integration to build complex networks or cost efficient
sensors. The antennas featuring the smallest footprint
can be found in plasmonics but also purely dielectric an-
tennas with fully sub-micron dimensions were introduced
recently, based on high refractive indexes [21]. It was
proposed to make use of the Kerker effect to control the
emission directivity of nearby emitters [22, 23] - such a
system represents a hybrid system of antenna with emit-
ter [24].
Here we investigate a simpler modified approach where
we consider an emitter inside the nano-antenna of mod-
erate refractive index, i.e., a compact photonic nano-
antenna which is based on the Kerker effect [25]. We
refer to this as a Kerker-like effect, since we are not ex-
citing the antenna from a specific side but from within.
The antenna yields a moderate enhancement of the ra-
diative emission rate accompanied by a boost in emission
directivity. We focus on NVs in bulk diamond, though
the physical mechanism behind the Kerker effect is fun-
damental and can be utilized to any emitter and any di-
electric host medium in principle. The antenna structure
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2can be realized by a simple state-of-the-art structuring
of the diamond surface producing cylindrical protrusions
without the need of additional materials.
With respect to applications in QS we design the an-
tenna to work with shallow NV centers, i.e., the defect is
closely positioned to the surface (we restrict the implan-
tation depth to be between 4 nm and 50 nm). To this end
we optimize the nano antenna to collect the entire NV
spectrum ranging roughly from 600 nm – 800 nm to har-
vest as many photons as possible. Typically ODMR se-
quences are used for QS, in this case the photon detection
rates determine the signal to noise ratio of the measure-
ments and by this the needed acquisition times. For QIP
we optimize the antenna for collecting zero-phonon-line
(ZPL) light only. The optimization was performed un-
der the restriction of having a dipole implantation depth
of more than 50 nm to shield the NV against the envi-
ronment, preserving the superior properties known from
bulk samples, like ZPL-emission with low spectral diffu-
sion and long coherence times of the NV ground state
[26].
Figure 1 a) shows the schematics of the proposed an-
tenna design: A cylindrical protrusion etched into bulk
diamond with an embedded NV. The idea behind that
design can be explained as follows: The NV couples
to localized electric and magnetic modes (analog to the
”natural modes” in Mie theory) which are supported by
the disc-shaped antenna due to the geometry and the
relatively high refractive index of diamond (n ∼ 2.4).
These localized modes then couple to radiative modes
in the diamond substrate, i.e., the localized modes are
not ”dark” but ”bright” or ”leaky”. The spectral posi-
tion of each mode is determined by antenna height and
radius. Furthermore the coupling efficiency of the NV
with the modes depends on the NV position and orien-
tation within the structure. Here we focus on a verti-
cal orientation of the NV’s defect axis since this is the
case for widely used (111) bulk diamond [27]. Tuning
height and radius of the cylindrical protrusion to spec-
trally match magnetic and an electric modes lead to the
ordinary Kerker effect or a higher order Kerker effect
[25, 28], as we will demonstrate below. In such a case
the NV emission gets directed into the substrate with
a narrow angular distribution and its lifetime will get
shortened due to the Purcell effect.
SIMULATION
In order to optimize and analyze the proposed antenna
we define a parameter Γ, which quantifies the figure of
merit, i.e. the envisioned performance most concisely.
This Γ-Parameter describes the normalized rate of pho-
tons that can be harvested, i.e., which can be actually
collected by the optical setup (characterized by a nu-
merical aperture (NA)). The normalization is performed
with respect to a reference structure; here a NV near the
diamond-air surface at an optimal implantation depth
(QIP 140 nm, QS 150 nm) is used for this purpose, as
such structures are frequently used (further details can
be found in the supplementary material). This reference
is used for any calculation shown in the following. For
each realization of the antenna with an NV center the
corresponding lifetime τ (or inverse emission rate) and
the collection efficiency ηC are calculated. ηC is a func-
tion of the NA, but also the angle dependent Fresnel-
transmissions at the diamond-air surface at the back side
of the bulk diamond is considered. Both, τ and ηC , are
combined in the following manner:
Γ =
τ ′
τ
∫
∆λ
ρ(λ) ηC(NA, λ)dλ∫
∆λ
ρ(λ) η′C(NA, λ)dλ
(1)
This number displays the total photon count enhance-
ment at a desired wavelength range ∆λ. As the collection
efficiency is also a function of wavelength, it is weighted
with the spectral density of the NV-spectrum ρ(λ) and in-
tegrated over the region of interest ∆λ. For a systematic
characterization of the lifetime shortening and the collec-
tion efficiency, a finite-element solver is used (JCMwave).
Further details of this computation are given in the sup-
plement. Values denoted by ′ are reference variables.
In a first step the geometric parameters of the an-
tenna are optimized by maximizing Γ. To this end we
used the Nelder-Mead method [29] and three free param-
eters: disk height, disk radius and NV center implanta-
tion depth. With respect to QIP ∆λ is chosen to cover
the zero phonon line (ZPL) occurring at 637 nm (shown
in the supplement), for QS ∆λ is chosen to cover the
entire NV-spectrum. Optimized geometrical values are
shown in Table I.
TABLE I. Optimized values. Optimal geometric dimensions
for each Γ are shown for different collection NAs. Geometric
dimensions are given in nm.
height radius depth Γ0.4 Γ0.6 Γ0.9 Γ1.4,oil
QIP 579 321 141 15.4 11.0 7.8 3.1
QS 359 261 5.5 15.3 11.3 6.5 2.9
ANALYZING STRUCTURE VARIATIONS AND
FUNCTIONALITY
In the following we analyze the derived optimum values
for Γ in more detail, i.e., we investigate their sensitivity
to geometrical changes and study which physical effects
lead to the improvement. We focus on a fixed numerical
aperture of 0.9 for simplicity. Therefore each Γ is com-
puted for sets of heights and radii, shown in Figure 2.
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FIG. 2. Γ -parameters and its parts scanned over geometri-
cal parameters. Γ-parameters (a and d), the corresponding
relative reduction of lifetimes τ ′/τ (b and e) and weighted
collection efficiencies H (c and f) are shown. Figures a), b),
c) and d), e), f) share the same x axis respectively. The prod-
uct of b) and c) gives a) - and the product of e) and f) gives
d) up to a normalization by H ′.
The Γ-parameter consists of the collection efficiency and
a change in lifetime, which in turn is connected to a mod-
ification of the spectrum of the emitter. Besides Γ, the
corresponding relative reduction of the lifetime τ ′/τ and
the spectrally weighted collection efficiency H, which is
the denominator of Equation 1 excluding τ ′ is shown in
Figure 2 for each Γ correspondingly. H gives the per-
centage of collected photons over the whole spectrum.
Highest Γs are reached when the weighted collection
efficiency and the lifetime shortening show high values at
same radius and height. The antenna optimized for ΓQS
is less sensitive to geometrical changes compared to the
one optimized for ΓQIP. However, changes in disk size
only weakly affect the antenna performance.
NA dependence of optimum structure
As can bee seen in Figure 2, the antenna alters the
dipole emission and leads to high directivities that ap-
pear only within a small range of angles. While we only
quoted the ΓQS and ΓQIP for certain NAs in Table I we
show a detailed analysis of how Γ and collection efficiency
depend on the NA in Figure 3 a). Collection efficien-
cies with respect to the collection angle/NA are shown
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FIG. 3. Detection angle dependent collection efficiency and
Γ -parameters. With optimal geometric parameters the col-
lection efficiency (a) and ΓQS/QIP/REF (b) are shown with
respect to the collection angle. A dashed gray line indicates
an NA of 0.9.
for parmaters ΓQS and ΓQIP as well as for the reference
structure. Compared to the reference structure, a dra-
matic enhancement in collection efficiency occurs. While
ΓQS increases mostly by raising collection efficiency and
lifetime shortening, ΓQIP also profits from a spectral al-
tering of the emission spectrum. For this reason Figure 3
a) shows a lower collection efficiency for QIP compared
with QS while in b) QIP reaches mostly the same values.
Lateral and vertical dipole displacement
Until now a perfect alignment relative to the optimal
antenna structure was assumed, i.e. a position on the
symmetry axis of the cylinder at the optimal depth. In
a realistic experiment the NV could be implanted af-
ter fabricating the antenna structure. Today’s implanta-
tion techniques reach lateral resolutions down to 30 nm
[29] and a depth resolution of up to 50 nm for depths
mentioned here [15]. Figure 4 shows the influence on
Γ-parameters when the dipole is misaligned within that
range both in lateral and vertical direction as a heat map.
The NV has two optical transitions, each corresponds
to a linear transition dipole moment. Both dipolar tran-
sitions are perpendicular to each other and perpendic-
ular to the NV axis. All simulations done before take
this into account automatically since the antenna-dipole-
configuration is rotationally symmetric when a dipole is
positioned exactly on the symmetry axis. However, under
radial displacement the symmetry is broken and its ori-
entation becomes more important. To take this into ac-
count, simulations with a dipole displacement were done
with two distinct dipole orientations. In one case the
dipole is oriented along the r component, in the other
case it is oriented along the φ component of a vector
in cylindrical coordinates, although an arbitrary dipole
orientation in between is not necessarily just a simple
superposition of both cases. However, it seems to be suf-
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FIG. 4. The effect on Γ -parameters when displacing the
dipole. ΓQS in a) and b) and ΓQIP in c) d) are shown with
respect to the radial dipole position and dipole depth with
optimal geometric parameters, respectively. The dipole po-
larization is chosen to be along the r component of a vector
in cylindrical coordinates in a) and c) and along the φ com-
ponent in b) and d).
ficient to examine those two polarizations to qualitatively
evaluate the antenna performance under displacement.
A displacement in the implantation depth has only a
moderate impact on Γ-parameter (at least in this ap-
proximate range of reported fabrication precision). Dis-
placing the defect laterally by, e.g., 15 nm, which corre-
sponds to the discussed resolution limit, causes only a
slight change in performance. Moving the dipole posi-
tion and tilting its orientation changes the coupling effi-
ciency between emitter and eigenmodes of the antenna.
This leads to less constructive interference into observ-
able angles and thus to a lower Γ-parameter. However,
we conclude that the antenna’s Γ-parameter is rather ro-
bust against implantation misalignments.
KERKER EFFECT
We identify the Kerker effect or a Kerker-like effect
to be the physical mechanism behind the collimation ef-
fect. The Kerker effect arises when two localized modes
oscillate with a phase difference which results in regions
of constructive/destructive interference in the far-field.
Kerker was the first who recognized, that the interfer-
ence of a magnetic and an electric dipole mode yield a
pronounced directivety of the emitted photon flux[25].
Also electric dipole and quadrupole modes were used to
obtain the Kerker effect, which can also be achieved with
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FIG. 5. Radius and wavelength dependence of resonances pro-
vided by the antenna structure. Blue dots denote the central
wavelength of different eigenmodes hosted by the antenna.
The height is fixed in a) to 579 nm and 359 nm in b). The
vertical dashed gray line denotes the optimal radius, the hor-
izontal gray line indicates for the design wavelength for ΓQIP
in a) and for the peak emission of the NV at room temper-
ature in b). Neighboring modes can be obtained which are
able to interfere.
other combinations of higher order modes [28, 30]. Fig-
ure 5 shows the spectral evolution of modes for both ΓQS
and ΓQIP. While the height is fixed at the values taken
from Table I, respectively, the antenna radius is varied.
At the optimal radius and ZPL-wavelength, indicated by
the line crossing (vertical and horizontal gray lines) in
Figure 5 a), two modes are close to each other. This in-
dicates that a higher order Kerker condition is fulfilled,
which is known to occur slightly shifted with respect to
the crossing point [25, 28]. Figure 5 b) shows the modes
in the antenna that is optimized for QS. Even though we
used the whole spectrum of the NV for the optimization,
the optimal structure shows two resonances at 680 nm,
i.e., where the NV spectrum has its maximum (see sup-
plementary material). We conclude that the higher order
Kerker effect occurs at this wavelength and maximizes
ΓQS.
A destructive interference in the upper plane and con-
structive interference in the lower plain of those two
modes lead to an enhanced collection efficiency which
is one ingredient to maximize the Γ-parameter.
By changing its geometrical dimensions it can be tuned
to enhance emission of any wavelength, in forward or
backward direction. Even other materials could be used
such as GaAs with quantum dots incorporated into the
antenna emitting into free space rather than into the non
transparent substrate.
CONCLUSION
In conclusion we presented an extremely versatile an-
tenna design characterized with an experimentally rele-
vant figure of merit for collimating antennas. We consider
two scenarios in which either spectrally broad or narrow-
5band emitters are of interest, i.e., either for their imple-
mentation into QIP or QS technology. The Γ-parameter
considers the effective reduction of the emitter’s lifetime,
a changed collection efficiency and a spectral alteration
of the emitter emission spectrum. With this Γ-parameter
we were able to find optimal geometrical parameters of
disks made from diamond on top of a diamond substrate
with an integrated nitrogen vacancy center. In one of the
two analyzed configurations the NV will preserve its spin
coherence time while the photon flux stemming from the
ZPL is maximized. The other configuration maximizes
the whole photon flux from shallow NVs used for sens-
ing applications. The presence of the proposed antenna
show an intensity enhancement of 7.8 (QIP) and 6.6 (QS)
even for a rather high NA of 0.9. A big advantage of this
antenna type is the efficient detection on the bulk dia-
mond side. Compared to bulls eye antennas of various
types (made from metal and/or dielectrics) the single el-
ement cylindrical protrusion is simple to fabricate, small
in footprint and avoids quenching as known from plas-
monic antennas [31–33]. An eigenmode analysis uncov-
ers the working principle of this devices, which turns out
to be the Kerker effect. Large parameter scans shows
the robustness of this design with respect to geomet-
rical imperfections. Simulations with displaced dipoles
within experimentally demonstrated implantation resolu-
tions show just a moderate lowering of the Γ-parameter.
While we focused in this work on NVs in diamond, this
approach can be applied to basically any emitter and
host material like widely used quantum dots integrated
in GaAs chips.
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SIMULATION SETUP
Simulations were done with JCMwave, a full 3D frequency-domain finite-element solver.
In all simulations the cylindrical symmetry was exploited [1]. The frequency dependent
refractive index of Diamond was taken from Ref. [2]. All simulations were done with
a horizontally polarized dipole. Collection efficiencies were calculated by integrating the
intensity directed into the far field within angles corresponding to a certain NA centered
in the lower plane, normalized by the whole intensity emitted by the dipole. Details are
discussed in another section.
WAVELENGTH SAMPLING
To ensure that all spectral features of the coupled system (NV and antenna) are properly
considered, each system was analyzed separately in advance. We found, that an antenna
structure optimized for a single frequency shows resonances with a FWHM of∼ 15 nm. Thus,
we used 5 nm steps to ensure that these features are fully taken into account. However,
the ZPL of the NV is even sharper, especially at cryogenic temperatures. Therefore, an
adaptive sampling was done so that the uncertainty of the sampled area (calculated using
the trapezoidal rule) is below 1 %. The final wavelength sampling for two spectra taken at
room temperature and at cryogenic temperatures are shown in Figure 1 indicated by blue
dots.
RELATIVE REDUCTION OF THE LIFETIME AND COLLECTION EFFICIENCY
A postprocess from JCMwave gives the amount of emitted power p from a dipole placed
within the simulation domain. The lifetime shortening is given in this situation by [3]:
τ ′
τ
=
p
p′
(1)
For realistic spectrally broad emitters, it is not sufficient to consider a lifetime change at
just a single wavelength, but one has to average over the entire spectrum (∆λ = λfull):
ptotal =
∫
λfull
p(λ) ρ(λ) dλ (2)
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FIG. 1. Numerical sampling of spectra at cryogenic and room temperature. The green line show
a fit on orange data sets of measured NV spectra taken at 300 K (a) and at 5 K (b). Blue dots
denote sampling points, on which numerical simulations evaluated the antenna performance. The
inset shows a zoom into the zero phonon line with the increased sampling density.
Using a near to far field transformation from JCMwave, the emitted electric field strength
into a certain angle is extracted. From that we can calculate the directed intensity:
I ′(θ, φ) =
1
2
cn 0 |E(θ, φ)|2 (3)
Note that this is the intensity directed into the substrate. The reflection from the
diamond-air/oil surface has been included by decomposing the far field into p- and s-
polarized light, calculating the transmission coefficients with the Fresnel equations for each
polarization and finally weight the intensity I ′ with the resulting transmission coefficient.
Directivies are given by
D(θ, φ) =
I(θ, φ)
4pi p
(4)
with the transmitted intensity I(θ, φ) = T (θ, φ) · I ′(θ, φ). Applying this directivity to the
whole emitter spectrum can be done analog to Equation 2.
3
REFERENCE
To get a measure of how much better the proposed antenna design will be, a reference
has to be determined. As a first step, the emission properties of a dipole within an infinite
bulk diamond was calculated. In a realistic experiment, the NV is often in close vicinity to
the bulk diamond surface, while the collection is done from the substrate side. Even in such
a configuration, a sweet spot which maximizes ΓQIP or ΓQS exists. A depth scan was done
and compared to the bulk diamond, results are shown in Figure 2. With the restriction of
having a depth of at least 5 nm, an optimal depth of 140 nm for Γ′QIP (a) and 150 nm for
Γ′QS (c) was found. Altered spectra for the optimal and for the worst position are shown in
Figure 2 b) and d) respectively.
OPTIMIZATION
The simplex algorithm was used to find maxima. To optimize ΓQIP, the dipole depth was
limited to a minimal value of 50 nm, to have long decoherence times, and a maximal value
of 200 nm to save computation time. We also found a second local maximum apart from
the global maximum mentioned in the main paper with the following parameters: radius
140 nm, height 260 nm, dipole depth 139 nm and ΓQIP 4.5. ΓQS was optimized in the same
way but with the restriction of having a depth of at least 5 nm. Spectra stemming from an
optimal structure are shown in Figure 3 denoted by blue dots. For comparison the spectra
used as reference are again shown, denoted by orange dots.
PARAMETERS FOR OPTIMAL COLLECTION EFFICIENCY AND UPWARD DI-
RECTIVITY
For other applications, like in quantum communication, an optimal collection efficiency
rather than lifetime shortening might be desired. Γ is then given by
Γ =
∫
NV
ρ(λ) ηC(NA, λ) dλ∫
NV
ρ(λ) η′C(NA, λ) dλ
(5)
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FIG. 2. ΓQIP of a layered system relative to a dipole in a bulk diamond. In a) and c) the dipole
depth below the diamond-air interface is sweeped while the lifetime shortening (green) and the a)
ΓQIP and b) ΓQS (denoted in blue) was evaluated. Altered spectra calculated at a depth of 140 nm
(blue) and for bulk diamond (orange) are shown in b) and d) for each Γ respectively.
CONVERGENCE TEST
To prove for convergence of the Maxwell solver JCMwave, a reference with an extremely
fine starting grid, 5 steps of adaptive refinement and large simulation domains was calculated.
From this simulation the far field intensity directed into a NA 0.9 was extracted, since this is
a crucial number for all the simulations done here. Subsequently, this result was compared to
simulations done with a coarse starting mesh and a smaller computation domain depending
on the number of refinement steps. Results are shown in Figure 4. As a trade off between
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FIG. 3. Antenna modified spectra. Altered spectra due to antenna with optimal parameter sets
and the unperturbed reference spectrum for ΓQS a) and ΓQIP b) are shown.
TABLE I. Optimized values. Optimal geometric dimensions for sensing and a upward directivity
are shown. Geometric dimensions are given in nm.
height radius depth Γ0.4 Γ0.6 Γ0.9 Γ1.4,oil
Sensing 461 397 5 4.9 3.7 4.2 6.2
Upward 588 301 342 44 17 7 −
accuracy and time consumption, three refinement steps were used to compute all the other
data presented in this publication.
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FIG. 4. Convergence test and computation times. The power guided into NA 0.9 extracted from
test simulations compared to a very precise reference simulation is shown. Numbers below points
denote the needed CPU time (single thread) on a Xeon E5-2637 v3 @ 3.5 GHz CPU. The used
configuration is denoted by an orange circle.
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